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ABSTRACT. 21
While substantial knowledge on the occurrence of pharmaceuticals in the environment is 22 available, their behavior and fate in surface waters is still poorly understood. Therefore, the 23 aims of this study were to analyze the short-term dynamics of selected pharmaceuticals 24 along a 13.6 km long river stretch downstream of a wastewater treatment plant (WWTP), 25
and to quantify their attenuation by a mass balance approach. Four acidic pharmaceuticals 26 (bezafibrate, clofibric acid, diclofenac, naproxen) with different degradation properties were 27 measured over a period of three weeks at high temporal resolution, and in-situ photolysis 28 experiments were carried out. The average concentrations of pharmaceuticals were between 29 9±4 ng L -1 and 339±133 ng L -1 , corresponding to loads between 1.9±1.2 and 63±37 g d -1
30 (n=134). The temporal dynamics of pharmaceuticals was closely related to discharge of the 31 WWTP and precipitation, and highest concentrations were observed at the beginning of a 32
Introduction 45
Human pharmaceuticals are organic micropollutants which are frequently detected in 46 aquatic systems (1). The main sources of these compounds in rivers and streams are the 47 average depth of the river section is approx. 100 cm, and its width varies from 5 to 20 m. 117
Twenty to forty percent of the riverbanks are occupied by bushes and trees which are at least 118 partly shading the water surface. The texture of the river sediment varies from sand to clay. 119
The color of the water is reddish-brown due to the geology of the upstream catchment; an 120 absorption spectrum of the river water is provided as Figure S1 (Supporting Information). 121
Discharge at the upstream site was calculated as the sum of discharge measured at a 122 gauging station 2.6 km upstream of the first sampling site (http://www.hnd.bayern.de/, 123 station "Bayreuth/Roter Main") and the discharge measurements at the WWTP outfall. The 124 time lag between the gauge and the upstream site was accounted for (see Supporting 125
Information, Figure S2 ). Along the river stretch, a few minor creeks are discharged into the 126 river. At the downstream site, discharge was measured with an ultrasonic doppler instrument 127 (PCM-4, Nivus, Eppingen, Germany). Due to the immanent uncertainties in the absolute 128 discharge measurements at such temporary gauging stations (e.g., due to no long-term 129 calibration and non-uniform cross section), the data from this site were only used for 130 visualizing the temporal dynamics of pharmaceutical loads (in Figure 2 and Figure 3 ) but not 131 for estimating attenuation rates. Using clofibric acid as a conservative tracer, the discharge at 132 the downstream site was approx. 1.3±0.1 times the discharge at the upstream site during dry 133
weather (see Supporting Information, Table S3 ). Over the whole sampling period, the 134 average discharge at the upstream site was 2.2±1.0 m 3 s -1
; during the dry period it was 135 1.5±0.1 m 3 s -1 . The hydrograph for the upstream site is available as Supporting Information 136 ( Figure S3 ), as well as further information on general physical/chemical characteristics of 137 the river water. Under baseflow conditions, the travel time of water and (non-sorbing) 138 solutes from the upstream to the downstream site was approx. 30 h as determined by dye-139 tracing; during the discharge peaks, the travel time of the pressure wave between the sites 140 was as low as 6 h. 141
Water samples were collected at both sites as time-averaged composite samples using 142 automatic water samplers (3700 compact, Teledyne-ISCO, Lincoln, USA). Every 30 min 143 (until 08/27/2007) or 40 min (from 08/27/2007), 50 mL of water was sampled; 6 of these 144 samples were combined in one glass bottle, yielding 3 and 4 hour composite samples, 145 respectively. Ice was added to the base of the sampler, and the samples were stabilized by 146 adding NaN 3 to the bottles prior to sampling (final concentration 0.1 %). Samples were 147 collected every second day and stored at 4°C (max. 2 days) until extraction. The addition of 148 NaN 3 did not negatively affect the concentration of pharmaceuticals (see Supporting 149
Information, Table S1 ). 150
In-situ photolysis experiments. The aim of the in-situ photolysis experiments was to 151 estimate the contribution of photolysis to the overall attenuation of the pharmaceuticals. A 152 complete assessment of the pharmaceuticals' photolytic fate was beyond the scope of this 153 study. Experiments were carried out with ultrapure water (Milli-Q water) and river water 154 (unfiltered). The water was spiked with the target pharmaceuticals to a concentration of 155 approx. 100 µg L -1 (no addition of NaN 3 ) and transferred to quartz glass tubes (length: 36 156 cm; diameter: 2 cm). At 8:00 UTC on a summer day (07/27/2009), two replicate tubes were 157 placed horizontally directly below the water surface in the river and exposed to sunlight 158 irradiation. The experiment was carried out close to the upstream sampling site at a location 159 with optimum radiation conditions. At t=0, 1, 2, 4, and 6 hours, the tubes were removed, an 160 aliquot of 1 mL was sampled from each tube, and the tubes were exposed again. The 161 deuterated surrogate standards were added and the samples were stored frozen until analysis. 162
Results of preliminary experiments confirmed that freezing did not negatively affect the 163 results (see Supporting Information, Table S1 ). Before analysis, samples were allowed to 164 thaw, fenoprop -which was used to monitor instrument performance -was added, and 165 samples were analyzed by HPLC-MS/MS without any additional pretreatment. Dark and 166 sterile controls were carried out to determine losses due to processes other than photolysis 167 (e.g., sorption to the PTFE-lined lid, biotic or other abiotic transformations). The pH of the 168 river water was 7.7 and remained constant during the experiment, the pH of the ultrapure 169 water increased from 5.9 to 6.6. The average short wave radiation (<400 nm) over the 170 incubation period was 807 W m -2 . 171
Calculations. The concentration of each composite sample was multiplied with the 172 corresponding discharge to calculate the load of pharmaceuticals at the upstream site. 173
Concentrations at both sampling sites were analyzed for statistical differences by checking 174 the confidence intervals for overlap. For correlation analysis, the Spearman's rank 175 correlation coefficient (r S ) was calculated. The Mann-Whitney U test was used to test the 176 calculated attenuation rates for significance. 177
For each hydrologic event (see Figure 2 ) the dilution factor along the river stretch was 178 calculated by comparing the integrals of the clofibric acid concentrations for the two sites. 179
The uncertainty of this approach was addressed by Monte Carlo simulations (see Supporting 180
Information for details). The calculation of loads at the downstream site was impaired by 181 uncertain discharge data at that site. Therefore, attenuation rates were estimated from the 182 concentration ratio of the individual compounds to clofibric acid. Briefly, the concentration 183 of each pharmaceutical was normalized to the concentration of clofibric acid, and the 184 relative attenuation along the river stretch was calculated from the averaged ratios. This 185 approach retains the combined uncertainties of the analytical methodology and the 186 environmental conditions, and due to the high number of samples it provides a robust 187 estimate of the attenuation rate. A detailed description of this procedure is available as 188 Supporting Information. For the dry period (event E2), the time interval used to calculate 189 attenuation along the river stretch was delineated using the hydrograph, taking into account 190 the approximate travel time of solutes between the sampling sites. For peak discharge events 191 (events E1, E3, E4, E5), we used the load chemograph to delineate the beginning and end of 192 the integration range. Temporal Dynamics. The temporal dynamics of concentrations and loads at both 221 sampling sites are illustrated for clofibric acid in Figure 2 . The dynamics were closely 222 connected to the hydrological conditions: at the beginning of a discharge peak, we observed 223 a peak in concentration and load. While the peaks of discharge and concentration/load were 224 synchronous at the upstream site, the clofibric acid peaks arrived slightly later than the 225 discharge peaks at the downstream site. This is a common observation in rivers which can be 226 attributed to the discharge (pressure) responding like a kinematic wave which travels faster 227 downstream than the physical water body (15, 16). The temporal dynamics of the other three compounds were similar to clofibric acid (Figure  238 3). For all compounds, the peaks of concentration and load were associated with rainfall 239 events. The concentration differences between the period with low discharge and the high 240 discharge periods was least pronounced for diclofenac. The outliers observed in the 241 statistical distribution (Figure 1a ) can all be attributed to precipitation events which caused 242 both higher concentrations and loads compared to baseflow conditions. This is similar to 243 observations from the river Glatt where higher loads of pharmaceuticals (-blockers) were 244 associated with rainfall events (17). Higher concentrations of organic wastewater 245 contaminants during wet periods compared to baseflow have also been reported by Frick and 246 Zaugg for a long-term dataset (18). 247
The concentration peaks (Figure 2) can be attributed to the accelerated displacement of 248 wastewater from the sewer system and the WWTP into the river at the beginning of a rainfall 249 event. Thereby, the mass flow of pharmaceuticals into the river increases substantially. After 250 this initial "purging" of the sewer system, the mass flow of pharmaceuticals through the 251 WWTP into the river decreases again since the delivery rate by human excretion is relatively 252 constant and independent from precipitation. This explanation is plausible based on the 253 back-of-the-envelope calculation provided as Supporting Information. Moreover, it is in 254 agreement with the significant (p<0.001) correlation between the concentrations of the 255 pharmaceuticals and the proportion of wastewater in the river (r s between 0.54 and 0.75; 256
Supporting Information, Table S5 ). Additionally, the residence time of wastewater in the 257 treatment plant is reduced during periods with increased wastewater flow which might 258 decrease the removal efficiency of the treatment plant. This would affect the magnitude of 259 the concentration peaks. Discharge of untreated wastewater through combined sewer 260 overflows upstream of the WWTP did not substantially contribute to the observed 261 concentration peaks during rainfall events. With the exception of the event E1, the overflows 262 were discharging only after the pharmaceutical peak already passed the upstream site (E3, 263 E4; see Figure 2 ) or they were not activated at all (E5). 264
Most of the rainfall events during the sampling period were of short duration and caused 265 only short periods of high discharge (Supporting Information, Figure S3 ). Therefore, no 266 substantial dilution of the river water was observed with respect to pharmaceuticals. Only 267 event E5 was characterized by a comparatively long period of high discharge causing 268 dilution both at the upstream and the downstream site after the initial peak. This is different 269 from settings with extended discharge periods triggered for example by snow melt where 270 lower concentrations due to dilution can be expected over a longer period (19). 271
Due to dispersion, rainfall associated peaks of pharmaceutical load and concentration at 272 the downstream site were usually broader and smaller than at the upstream site, but the peak 273 shape was well preserved. During the dry period (E2) a diel variation of the concentration of 274 pharmaceuticals was observed which was most pronounced for clofibric acid. This pattern 275 with highest concentrations during the afternoon was closely related to the daily discharge 276 variations of the WWTP and thus the proportion of wastewater in the river (see Supporting 277
Information, Figure S4) . Table S7 the for a compilation of these data). Such contrasting 297 results can be attributed to differences in the concentration or type of light absorbing 298 compounds and photosensitizers (i.e., radical sources) like dissolved organic matter in the 299 different waters. The absolute photolysis rates (k surf ) of naproxen in river and ultrapure water 300 determined in this study were between 9 % and 33 % of the rates reported by Packer et al. 301 (20) and Lin and Reinhard (21). As for diclofenac, these differences could be due to details 302 of the experimental set-ups and radiation conditions. Moreover, since we exposed the 303 solutions directly below the water surface, some additional shielding effects by river water 304 above the test tubes could slightly reduce the photolysis rate compared to the direct exposure 305 of the test tubes by others. Compared to naproxen, the photolysis of diclofenac was much 306 faster in river as well as in ultrapure water (Table 1) of clofibric acid has also previously been described (20, 22) . In agreement with previous 313 reports (23), bezafibrate was not susceptible to photolysis on the time-scale of this study. 314
Results from the dark and sterile controls confirmed that processes other than photolysis did 315 not contribute to the transformation of pharmaceuticals (see Supporting Information, Table  316 S6). 317
For the whole water column, photolysis rates between 0.01 d -1 and 0.37 d -1 were estimated 318 (Table 1) . Based on these rates and the two scenarios for photolysis, we calculated relative 319 attenuation rates by photolysis between 3.4 and 15 % along the river stretch for diclofenac 320 and naproxen (see Supporting Information for further details). The concentration of clofibric 321 acid and bezafibrate should not be affected by photolysis (Table 1) . 322 323 Significance level for the rate constants: * p<0.05; ** p<0.0001; n.s.: slope of regression line 329 not significantly different from zero 330 331 Mass Balancing. On the time-scale of our experiments, clofibric acid can be used as a 332 conservative tracer since it is resistant against biodegradation (24, 25) and photolysis (Table  333 1 and (26)), and sorption to sediments from the river Roter Main is also negligible (24). 334
Therefore, the attenuation of bezafibrate, diclofenac, and naproxen was determined relative 335 to clofibric acid for events E2, E4, and E5. For the other two events, the normalization to 336 clofibric acid was not possible due to the suspected additional input of clofibric acid through 337 sewer overflows along the river stretch (see Supporting Information, Table S3 ). During the 338 two peak events (E4 and E5), no significant attenuation of bezafibrate, diclofenac, and 339 naproxen occurred (Table 2 ). This was expected since the travel time between the sampling 340 sites was comparatively low and the sky was clouded during rainfall events, making 341 conditions unfavorable for biotransformation and photolysis. During the dry period (E2), the 342 attenuation rate of naproxen was significantly different from zero (23±6 % ), whereas for 343 diclofenac and bezafibrate attenuation was not significant (Table 2) . Thus, we can deduce 344 that even for a compound which is highly susceptible to photolysis like diclofenac (see 345 references (8, 20) and Table 1 ), attenuation by photolysis was of minor importance. This is 346 in agreement with the estimated low attenuation rate by photolysis in the "realistic" 347 photolysis scenario (Table 1) . Photolysis of naproxen can be ruled out as quantitatively 348 relevant attenuation mechanism during the dry period since it was less susceptible to 349 photolysis than diclofenac and the attenuation rate by photolysis estimated for the "realistic" 350 scenario was <3 %. Moreover, based on the photolysis control experiments and our previous 351 studies we can also exclude other abiotic transformation processes, biodegradation in the 352 flowing water, and adsorption to suspended matter or sediment on the time-scale relevant for 353 this study (24). The most likely mechanism responsible for the attenuation of naproxen is 354 thus biotransformation in biofilms in the hyporheic zone or on submerged macrophytes. 355
Based on results from a previous laboratory study with sediment and water from the same 356 river, we would also expect biodegradation of bezafibrate and diclofenac (24). However, 357 these experiments were carried out with sandy sediment and at least the top sediment layer 358 was continuously aerobic. In contrast, we learned from field observations that sediments in 359 many parts of the river stretch were anaerobic. Although there is no direct evidence, we thus 360 hypothesize that the attenuation of naproxen was due to primary degradation in anaerobic 361 sediments and that this process is less efficient for bezafibrate and diclofenac. However, 362 knowledge on the behavior and fate of polar organic micropollutants under anaerobic 363 conditions is still limited, and therefore this has to remain a hypothesis. 364 365 366 Implications. The connection between highest loads of pharmaceuticals to precipitation 373 and discharge events (Figure 3 ) has implications for their environmental fate. Under such 374 conditions, photolysis is unlikely to occur since UV radiation is typically low during 375 precipitation events and is further reduced by increased loads of suspended solids at higher 376 discharge. Moreover, due to the fast downstream transport of water and solutes during 377 discharge peaks (6 h vs. 30 h during baseflow), the residence time is too short for 378 biodegradation processes to substantially reduce micropollutant loads. Thus, when the 379 highest input of pharmaceuticals occurs, their attenuation is least effective. 380
Against our initial assumption the concentrations were highest at the beginning of peak 381 discharges due to rapid displacement of wastewater from the sewer system and the WWTP. 382 This is relevant in cases where river water is used for production of drinking water. As a 383 consequence of our observations, river water should not be abstracted for production of 384 drinking water during the initial phase of discharge peaks to avoid an unnecessary high 385 concentration of pharmaceuticals in the raw water. 386
Only naproxen can be used to compare results from this study to previous research on in-387 stream fate of pharmaceuticals since it is the only common compound between these studies. 
